Introduction
============

Chronic hypobaric hypoxia encountered at high altitude is known to induce cognitive function impairment, which persisted even after returning to sea level [@B1]-[@B5]. Cognitive functions, like learning and memory, are an important attribute of the hippocampus. Previous studies have demonstrated that severe and chronic (\> 5500 m, for 3-4d) hypoxia caused neuronal death in the CA3, CA4 and dentate gyrus of the hippocampus [@B6], [@B7], indicating that neuron apoptosis in this brain region would be one of the prominent factors accounting for chronic hypobaric hypoxia induced cognitive impairment.

HIF-1α is the most important transcription factor in cellular hypoxia response, who is closely linked to hypoxia induced neuron apoptosis [@B8], [@B9]. Under hypoxia stress, HIF-1α could initiate neuron apoptosis by increasing the binding proteins of anti-apoptotic protein Bcl-2 thereby inhibiting its anti-apoptotic effect [@B10]-[@B12]. Moreover, HIF-1α was also relevant to neuronal apoptosis after brain injury by regulating p53 and BNIP3 in the apoptotic neurons [@B13]-[@B17]. Herein, in order to attenuate the hypoxia induced neuron apoptosis in cognition related brain region, it\'s medically important to portrait the detailed regulating mechanism of HIF-1α under hypoxia stress and find the protective factor.

Cold-inducible RNA-binding protein (CIRBP) was initially screened as a gene transcript that is induced by DNA damage and plays a key role in controlling cellular responses to various environmental stress like hypothermia and ultraviolet light [@B18]-[@B20]. Several studies have reported that under environmental stress, CIRBP migrates from nucleus to cytoplasm, regulating its target mRNAs at the post-transcriptional level and exert neuroprotective effect [@B21]-[@B24]. For example, CIRBP may inhibit neuron apoptosis through the suppression of the mitochondria apoptosis pathway during mild hypothermia [@B25], [@B26]. Moreover, the induction of CIRBP protein in rat cortical neurons under hypothermia inhibits H~2~O~2~-induced neuronal apoptosis, which forms one of the cerebral protective pathways under hypothermia [@B27]. It has been reported that, CIRBP was up-regulated in response to acute mild (8% O^2^) or severe (1% O^2^) hypoxia [@B28]. However, the expression characteristics of CIRBP in the brain under chronic hypobaric hypoxia are still unknown [@B29], whether CIRBP could function as a neuroprotective factor in chronic hypobaric hypoxia remains unconfirmed.

The association between CIRBP and HIF-1α has been discussed, and there is several conclusions supporting their crosstalk under stress. Elizabeth T. Chang found that CIRBP could bind to HIF-1α and several protein translation factor mRNAs on polysomes and increase de novo protein translation under cellular stress [@B30]. Considered the important role of CIRBP in stress induced neuron apoptosis, we hypothesize that as a neuroprotective factor, CIRBP may take part in the regulation of HIF-1α mediated neuron apoptosis and exert neuroprotective function under chronic hypobaric hypoxia.

Micro(mi)RNAs are small noncoding RNAs that play crucial roles in regulating various biological processes, including cell differentiation, proliferation, and apoptosis [@B31]. A family of hypoxia-sensitive miRNAs, named hypoxamirs, is induced when cells experience low-oxygen conditions, and these miRNAs specifically participate in controlling a network of multiple processes such as oncogenesis, angiogenesis and cell apoptosis [@B32]-[@B34]. Previous study showed that miR-23 could mediate hypoxia-induced apoptosis of myocardial cells [@B35]. Besides, miR-1 could mediate acute hypoxia-induced apoptotic insults to neuro-2a cells via an intrinsic Bax-mitochondrion-caspase protease pathway [@B36], while miR-23a can regulate the sensitivity of neurons to apoptosis by increasing endogenous inhibitory factors [@B37]. However, the roles of miR-1 and miR-23 in chronic hypobaric hypoxia-induced neuron apoptosis and their possible relation with CIRBP are little known.

In order to confirm our hypothesis, we measured the dynamic change of CIRBP/HIF-1α expression and neuron apoptosis in the hippocampus of chronic hypobaric hypoxia exposed rats and 1% hypoxia exposed SH-SY5Y cells. To investigate the potential association between the change of CIRBP and hypoxia induced neuron apoptosis, we examined the effect of CIRBP over-expression on HIF-1α expression and the ratio of neuron apoptosis. Moreover, in order to seek the methods to maintain the level and potential neuroprotective function of CIRBP, we measured the hypoxia related miRNAs in hypoxia models and explored their influence upon CIRBP/HIF-1α expression and neuron apoptosis. Through this study, we try to identify the role of CIRBP in HIF-1α mediated neuron apoptosis under chronic hypobaric hypoxia and find a reliable method to maintain its potential neuroprotective in long-term high altitude environmental exposure. To our knowledge, this may be the first study focusing on the potential neuroprotective function of CIRBP in the field of environmental health.

Materials and Methods
=====================

*In vivo* hypobaric hypoxia animal models
-----------------------------------------

Adult male Sprague-Dawley rats (n = 40 and 3 months old) with an average body weight of 225±25 g were used for this study. Before hypobaric hypoxia exposure, all rats were maintained in the institute animal house, exposed to 12/12 h light/dark cycles, provided with pellet diet and water ad libitum. The ethics committee of the institute approved all experimental protocols for this study and adequate measures were taken to minimize pain or discomfort to the rats. The rats were randomly divided into three control (normoxic) group and three hypoxia group (6 animals in each group, 3 for TUNEL staining and 3 for western blot analysis): 1) The three control (normoxic) groups was kept at normal atmospheric pressure (i.e. sea level) for 3d,7d and 21d, respectively, 2) The hypoxia groups were exposed to an altitude of 6100 m (barometric pressure = 349 mm Hg and partial O2 pressure ∼ 8- 9%) continuously for 3d, 7d and 21d. Simulated high altitude was created in a specially designed decompression chamber, which enables reduction of barometric pressure (e.g. 349 mm Hg). Temperature and humidity were maintained at 22-26 °C and 55-60% respectively. The decompression chamber was continuously supplied with fresh air to replenish O2 consumed by the rats and to flush out exhaling carbon dioxide. The desired altitude was attained at a rate of 300 m/min over a period of 20 min. Pressure of the decompression chamber was brought to sea level daily at 10 a.m. for 30 min at a rate of 300 m/min to replenish food and water. During exposure, rats of all groups were all kept with 12/12 h light/dark cycles and provided with pellet diet and water ad libitum.

Immunofluorescence
------------------

The animals were deeply anesthetized and then transcardially perfused with 100 ml saline solution, followed by 400 ml 4% paraformaldehyde (PFA) solution. The brains were removed and post-fixed overnight in PFA. The fixed brains were dehydrated in alcohol and embedded in paraffin and 8-μm-thick slices were cut from the paraffin-embedded tissues, washed three times in 0.01 M PBS, then permeabilized in 0.5% Triton X-100 in PBS. The sections were then immersed in 0.5% H2O2 in methanol for 10 min to block endogenous peroxidases and non-specific binding sites were blocked with 5% non-fat milk in PBS for 1 h at room temperature. Afterward, the sections were incubated with primary antibodies overnight at 4 C. Finally, the immunoreaction was detected using FITC or PE-conjugated secondary antibodies. The images were visualized with a fluorescence microscope. Mouse polyclonal antibodies NeuN (Cat. number: 128886, 1:200), rabbit polyclonal antibodies caspase 3 (Cat. number: 52293, 1:200), cleaved caspase 3 (Cat. number: ab2302,1:200) were obtained from Abcam (Cambridge, UK).

*In situ* TUNEL apoptosis detection
-----------------------------------

To assess DNA fragmentation, consecutive sections were processed by TUNEL using an in situ cell death detection kit (Roche). The TUNEL technique was applied as described by Whiteside, G and colleagues [@B38], [@B39]. Briefly, the fixed brains were dehydrated in alcohol and embedded in paraffin. Next, 10-μm-thick slices were cut from the paraffin-embedded tissues, washed three times in 0.01 M PBS, then permeabilized in proteinase K for 10 min. After another three washes, the sections were incubated in TdT buffer at 37 ˚C for 1 h and then with antibody at 37 ˚C for 1 h. Afterward, the sections were incubated with primary antibody NeuN overnight at 4 C. Finally, the immunoreaction was detected using PE-conjugated secondary antibodies. The sections were stained by Hoechst 33342 counterstaining and mounted on a using a fluorescence microscope. Five random slides were selected from each group, and from each slide, five randomly selected visual fields in the hippocampus CA3 region were observed at a magnification of x20. The number of TUNEL/NeuN-positive cells was counted.

Western blot analysis
---------------------

After stipulated period of exposure, three rats in each group were decapitated and western blot was used to determine the levels of HIF-1α, CIRBP, cleaved caspase-3/caspase-3, Bax/Bcl-2 in hippocampus. The animals were quickly sacrificed by cervical dislocation. The brain was removed and the hippocampus were dissected out in the ice-cold 0.9% NaCl solution. All dissected tissues were kept in liquid nitrogen. Tissue samples were homogenized in ice-cold lysis buffer containing 50 mM Tris-HCl (pH 7.4), 1% NP-40, 0.25% na-deoxycholate, 150 mM NaCl, 1 mM PMSF, 1 mM EDTA, 1 mg/ml pepstatin, 1 mM Na3VO4 and 1 mM NaF. Crude homogenates were incubated on ice for 30 min and centrifuged at 15,000 g for 30 min at 4 ˚C. The supernatant was collected for protein assay and stored at -70 ˚C. Protein concentration was determined by the Bicinchoninic Acid Kit protein assay (Pierce Chemical Co.). Equal amounts of lysates were separated by 10% SDS-polyacrylamide gel electrophoresis and electro-transferred onto nitrocellulose membranes. Membranes were then incubated in blocking solution (5% non-fat milk in 20 mM TRIS-HCl, 150 mM NaCl, 0.1% Tween-20) (TBS-T), followed by incubation with the indicated antibodies at 4°C overnight. The membranes were then washed in TBS-T and incubated with HRP-conjugated secondary antibodies for 1 h at room temperature. Enhanced chemiluminescence (ECL) Western Blotting Substrate (Pierce) was used to detect the immunoreactive signals with an ECL-based FluorChem FC2 image system (Alpha Innotech). Rabbit anti-CIRBP (Cat. number: 10209-2-AP) was purchased from ProteinTech. Rabbit anti-HIF-1α (Cat. number: 14179), rabbit anti-Bax (Cat. number: 14796), mouse anti-Bcl-2 (Cat. number: 15071), anti-caspase-3 (Cat. number: 9662) and anti-cleaved caspase-3 (Cat. number: 9664) were purchased from Cell Signaling Technology (Beverly, MA, USA). Image J software was used to analyze the gray values of the bands in each group. Each protein band was normalized to β-actin values and expressed as the intensity ratio. All western blot analyses were performed in triplicates.

*In vitro* chronic 1% hypoxia cell model
----------------------------------------

### Cells culture and hypoxia exposure

Human neuronal-like SH-SY5Y neuroblastoma cells line was cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium containing 2 mM L-glutamine (Invitrogen, USA), supplemented with 10% heat-inactivated FBS and 100 U/mL penicillin/streptomycin. The cultures were maintained in a standard humidified incubator in 5% CO2 at 37 °C, with fresh medium replaced every 2d, and split 1:4 when the cells reached 90% confluence. Hypoxia environment was made by placing cells in a humidified microaerophilic incubation system (DWS HypOxystation) with a calibrated gas containing 1% O2, or 3% O2 at 37 °C (CO2 was adjusted at 5% in both conditions). The cells were left in the incubator at 37 °C for different durations. The control cultures were incubated in normoxic conditions all the time for the same durations.

TUNEL assay
-----------

To evaluate cell apoptosis, TdT-dUTP nick-end labeling (TUNEL) assays were performed using a one step in situ cell death detection kit (Roche, Germany) according to the manufacturer\'s instructions. Briefly, after the induction of apoptosis, cells were fixed with 4% paraformaldehyde in PBS (pH 7.4) for 1 h at room temperature, washed in PBS, and then incubated with 0.1% Triton X-100 for 2 min on ice. Later, the cells were incubated in TUNEL reaction mixture in a humidified atmosphere for 1 h at 37 °C in the dark. Hoechst 33342 (1:5000, Invitrogen, USA) was used to label nuclei. TUNEL-positive cells were imaged under a fluorescence microscope. Cells showing red fluorescence were considered apoptotic cells.

Flow cytometry analysis for apoptosis
-------------------------------------

In parallel, flow cytometry was used to further analyze cell apoptosis. After hypoxia exposure, SH-SY5Y cell samples were trypsinized and then centrifuged at 2000 rpm for 5 min. The cells were resuspended with 500 ml binding buffer at a concentration of 106 cells/ml, after washing two times with PBS at 2000 rpm for 5 min. Then, 5 ml FITC-conjugated Annexin-V and 5 ml PI were added to the cells and incubated at room temperature for 15 min in the dark. The samples were analyzed within 1 h post-staining.

Lentivirus stable transduction
------------------------------

In order to get HIF-1α knockdown SH-SY5Y cell line, we generated stable SH-SY5Y cell lines by lentiviral transduction and antibiotic selection that express control or HIF-1α miR30 shRNA. Lentiviruses which were generated by co-transfection of shuttle vectors with packaging plasmids pMD2G, were gifted from Dr. Rui Chen and described before [@B40]. In brief, the day before transduction, SH-SY5Y cells were trypsinized and 2 x 10^5^ cells per well plated in 1 mL complete culture medium in a 6-well plate for overnight incubation at 37°C. On the day of transduction, media was removed and replaced with 1 ml of complete medium with 10 μg/ml polybrene (Cat: 107689, Sigma). Lentiviral particles were thawed to room temperature, mixed gently, and added to the HT1080 cells (MOI = 30). After gently swirling to mix, cells were incubated overnight. After 12 h, culture medium was replaced with 2 ml of complete medium containing 800 mg/l G418(Cat: A1720, Sigma), which was replaced every 2d until one week after all control cells had died. Positive cells were maintained in 500 mg/l G418 for 2 weeks, and then were frozen down until use. For experiments, cells were thawed and allowed to grow for three passages before use.

Plasmid construction and transfection
-------------------------------------

Human CIRBP cDNA clone (NC_000019) in pEGFP-N2 vector was constructed by Dr. HongLei Che and described by Zhang Q before [@B41]. The control transfection was performed by pEGFP-N2 vector without CIRBP. Overexpression of CIRBP in the cells was verified by western blot with anti-CIRBP antibody as descripted below. Transfection of SH-SY5Y cells with CIRBP cDNA was performed by with Lipofectamine 2000 transfection reagent (Invitrogen, USA), according to the manufacturer\'s procedure. In brief, cells were plated in 6-well plates (Nunc) at a cell density of 3 × 10^5^cells per well and were allowed to grow overnight to achieve 80% confluency. Transfection complexes, consisting of 2.5 ug pEGFP-N2 vector plasmid DNA or pEGFP-N2-CIRBP plasmid DNA and 6 uL Lipofectamine reagent, were added to the wells in Opti-MEM® Medium (Invitrogen, USA). Cells were analyzed 48h after lipofection for transfection efficiency and viability.

Oligonucleotides transfection
-----------------------------

Transfections of SH-SY5Y cells with oligonucleotides (miR-23a mimics, miR-23a inhibitors, miR-1 mimics and miR-1 inhibitors) (Shanghai Jima Gene Biotech Co., Shanghai) were used at a final concentration of 20nM in antibiotic-free Opti-MEM medium (Invitrogen, USA). Transfection was performed with Lipofectamine 2000 reagent (Invitrogen, USA), following the manufacturer\'s protocol. Briefly, 3 × 10^5^ cells were seeded in 6-well plates one day before transfection to ensure suitable cell confluency on the day of transfection. The complex was added dropwise to a 6-well cell culture plate with replaced medium, mixed by agitating, and placed in a CO~2~ incubator at 37°C. Transfection efficiency was detected after 4-6 h, and the entire operation was protected from light. The sequences of miRNA inhibitors and mimics were as follows:

hsa-miR-1 inhibitor: 5\'-AUACAUACUUCUUUACAUUCCA-3\';

hsa-miR-1 mimics: 5\'-ACAUACUUCUUUACAUUCCAUU-3\';

hsa-miR-23a inhibitor: 5\'-GGAAAUCCCUGGCAAUCUGAU-3\';

hsa-miR-23a mimics: 5\'-AAAUCCCUGGCAAUGUGAUUU-3\';

negative control for miRNA inhibitors and mimics: 5\'-CAGUACUUUUGUGUAGUACAA -3\'.

Western blot analysis
---------------------

Cells were washed twice with ice-cold PBS and lysed with buffer containing TRIS-HCl (50 mM, pH = 7.4), NP-40 (1%), Na-deoxycholate (0.25%), NaCl (150 mM), EDTA (1 mM), PMSF (1 mM), Na3VO4 (1 mM), NaF (1 mM) for total extract. Protein concentration was determined by the Bicinchoninic Acid Kit protein assay (Pierce Chemical Co.). Equal amounts of cell lysates were separated by 10% SDS-polyacrylamide gel electrophoresis and electro-transferred onto nitrocellulose membranes. Membranes were then incubated in blocking solution (5% non-fat milk in 20 mM TRIS-HCl, 150 mM NaCl, 0.1% Tween-20) (TBS-T), followed by incubation with the indicated antibodies at 4°C overnight. The membranes were then washed in TBS-T and incubated with HRP-conjugated secondary antibodies for 1 h at room temperature. Enhanced chemiluminescence (ECL) Western Blotting Substrate (Pierce) was used to detect the immunoreactive signals with an ECL-based FluorChem FC2 image system (Alpha Innotech). Image J software was used to analyze the gray values of the bands in each group. Rabbit anti-CIRBP (Cat. number: 10209-2-AP) was purchased from ProteinTech. Rabbit anti-HIF-1α (Cat. number: 14179), rabbit anti-Bax (Cat. number: 14796), mouse anti-Bcl-2 (Cat. number: 15071), anti-caspase-3 (Cat. number: 9662) and anti-cleaved caspase-3 (Cat. number: 9664) were purchased from Cell Signaling Technology (Beverly, MA, USA). Image J software was used to analyze the gray values of the bands in each group. Each protein band was normalized to β-actin values and expressed as the intensity ratio. All western blot analyses were performed in triplicates.

Real-time PCR for miRNA expression
----------------------------------

For *in vivo* chronic hypobaric hypoxia animal model, total RNA was extracted from cells using TRIzol reagent (Invitrogen), according to the manufacturer\'s instructions. For *in vitro* miRNA analysis, mature miRNA was extracted from cell lines with or without hypoxia exposure (as described above). RNA concentrations and integrity were determined using the NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, MA). MiRNAs were reverse-transcribed with the One Step PrimeScript miRNA cDNA Synthesis Kit (TaKaRa Code: D350A), according to the manufacturer operating instructions, and the reaction system was vibrated and centrifuged briefly, then incubated at 37°C for 15 min and 85°C for 5 s. After reaction, the system was centrifuged briefly again and placed on ice to cool. Real-time PCR was performed using SYBR Green assays in ABI7500 system. U6 snRNA was not responsive to hypoxia and stable among all cell-lines thus was used as the endogenous control. The reaction conditions for SYBR Green quantitative PCR were: pre-denaturation at 95°C for 10 min; followed by 40 cycles of denaturation at 95°C for 15 s, annealing at 60°C for 20 s, and extension at 72°C for 20 s. The melting curve was investigated immediately after the reaction was completed using the following regimen: 95°C for 15 s, 60°C for 1 min, 95°C for 15 s, and 60°C for 15 s. The primer sequences were 5\'-CGTGGAATGTAAAGAAGTGTGT-3\' for miR-1, and 5\'-CATCACATTGCCAGGGATTTC-3\' for miR-23a. The cycle threshold (Ct) values for each well were determined and the ΔΔCt values were calculated using the following equation: ΔΔCt = (Ct~sample~ - Ct~reference~ gene) - (Ct~negative~ control - Ct~reference~ gene). After standardization, the 2(ΔΔCt) values were calculated, which represented the value of the initial copy number of the sample.

Statistical analysis
--------------------

Continuous variables were expressed as mean ± standard error (SEM) and analyzed using the student\'s *t*-test. All statistical analysis was done using GraphPad Prism 5.0 (GraphPad Software, Inc. San Diego, CA). A *p*value of less than 0.05 was considered statistically significant.

Results
=======

Chronic hypobaric hypoxia exposure leads to elevated ratio of neuron apoptosis and significant change of CIRBP expression in rat hippocampus
--------------------------------------------------------------------------------------------------------------------------------------------

Previous research has reported that hypobaric hypoxia exposure will lead to persistent low oxygen partial pressure in deep cerebral cortical region [@B42]-[@B44]. To explore the effect of chronic hypoxia exposure on hippocampal neurons, which were reported to be vulnerable to hypoxia, we kept the adult rats in animal decompression chamber at the pressure of 349 mmHg for 3d, 7d and 21d respectively, and examine the expression of HIF-1α in hippocampal neurons. Western blot showed significant increases of HIF-1α in all hypobaric hypoxia exposed groups (p\<0.05) **(Fig. [1](#F1){ref-type="fig"}A)**.

Furthermore, immunofluorescence staining of TUNEL/NeuN-positive cells in hippocampus CA3 region showed more apoptotic neurons in the 7d and 21d hypobaric hypoxia exposure groups compared with control respectively **(Fig. [1](#F1){ref-type="fig"}B)**. Besides, western blot for apoptosis related proteins revealed significant higher cleaved caspase-3/caspase-3 and Bax/Bcl-2 ratio in the 7d and 21d exposure groups compared with control (p\<0.01) **(Fig. [1](#F1){ref-type="fig"}C)**. In addition, we observed that the relative intensity of cleaved-caspase-3 to caspase-3 in NeuN-positive cells in 21d hypobaric hypoxia exposure group was significantly greater than that of control (p\<0.01) **(Fig. [1](#F1){ref-type="fig"}D)**. Thus, it may be inferred that chronic hypobaric hypoxia exposure leads to neuron apoptosis in hippocampus.

Since it\'s believed that CIRBP can be induced in hypoxia-related stress, we detected the expression of CIRBP in the process of hypobaric hypoxia exposure. Western blot showed that the CIRBP levels of the 3d and 7d exposure group were significantly higher than those of control respectively (p\<0.01), while the CIRBP level of the 21d exposure group was significantly lower compared with control (p\<0.01). It seemed that CIRBP were induced in the early stage of hypoxia exposure and consistently suppressed as the exposure prolonged **(Fig. [1](#F1){ref-type="fig"}E)**.

Chronic hypobaric hypoxia exposure could induce cell apoptosis and significant decreased CIRBP expression in SH-SY5Y cells
--------------------------------------------------------------------------------------------------------------------------

To examine the function of CIRBP in hypoxia-related neuron apoptosis, we established chronic hypoxia model *in vitro*. SH-SY5Y cells were cultured in 1% oxygen concentration for 48h in hypoxia chamber to imitate the tissue chronic hypoxic conditions and western blot revealed a significant increase of HIF-1α expression compared with control**(Fig. [2](#F2){ref-type="fig"}A)**.

Observation under light microscope showed a significant difference of the cell quantity between exposure group and control group **(Fig. [2](#F2){ref-type="fig"}B)**. Immunofluorescence staining by TUNEL kit observed an increased number of positive cells, while flow cytometry with Annexin V and PI staining counted significantly higher percentage of Annexin V^+^/ PI ^+^ cells compared with control (p\<0.01)**(Fig. [2](#F2){ref-type="fig"}C/D)**. In addition, western blot showed significant increases in cleaved caspase-3/caspase-3 and Bax/Bcl2 ratio in comparison with control (p\<0.01) **(Fig. [2](#F2){ref-type="fig"}E)**. Thus, we inferred that 1% hypoxia exposure for 48h lead to higher ratio of apoptosis in SH-SY5Y cells.

In order to further confirm the role of HIF-1α in chronic hypobaric hypoxia, we established the stable HIF-1α knockdown SH-SY5Y cell line by transfecting the HIF-1α shRNAs and exposed them in 1% oxygen concentration for 48h. Flow cytometry with Annexin V and PI staining showed lower percentage of Annexin V+/ PI + cells in HIF-1α shRNAs cells compared with cell transfected with vehicle control (p\<0.01) **(Fig. [2](#F2){ref-type="fig"}F)**, while western blot showed decreases in cleaved caspase-3/caspase-3 and Bax/Bcl-2 ratio in HIF-1α shRNAs cells (p\<0.01)**(Fig. [2](#F2){ref-type="fig"}G)**. These results showed that the HIF-1α up-regulation could be pro-apoptotic under chronic hypobaric hypoxia.

CIRBP expression was measured after 1% hypoxia exposure, and western blot showed that CIRBP expression significant reduced compared with control group, which were consistent with the *in vivo*results **(Fig. [2](#F2){ref-type="fig"}H)**.

CIRBP over-expression suppressed HIF-1α up-regulation in hypoxia and inhibited hypoxia-induced neuron apoptosis
---------------------------------------------------------------------------------------------------------------

To investigate the potential association between the reduction of CIRBP and hypoxia-induced neuron apoptosis, we examined the effect of CIRBP over-expression on HIF-1α expression and hypoxia-induced apoptosis. We transfected SH-SY5Y cells with p-EGFP-N2-CIRBP plasmid and examined the cell apoptosis by flow cytometry and TUNEL kit staining after exposure to 1% hypoxia for 48 h. Over-expression of CIRBP in transfected cells was confirmed by Western blot **(Fig. [3](#F3){ref-type="fig"}A)**.

CIRBP over-expression significantly decreased the levels of HIF-1α under 1% hypoxia (p\<0.01) **(Fig. [3](#F3){ref-type="fig"}B)**. Under normoxic culture condition, there were no significant differences of the percentages of Annexin V^+^/ PI ^+^ cells between mock vector and p-EGFP-N2-CIRBP-transfected cells. However, under 1% hypoxia, over-expression of CIRBP decreased the percentages of Annexin V^+^/ PI ^+^ cells (p\<0.01) **(Fig. [3](#F3){ref-type="fig"}C)**. TUNEL kit staining showed similar result that over-expression of CIRBP significantly decreased the number of TUNEL positive cells under 1% hypoxia **(Fig. [3](#F3){ref-type="fig"}D)**. As for apoptosis-related proteins, CIRBP over-expression significantly alleviated the elevated cleaved caspase-3/caspase-3 and Bax/Bcl2 ratio under 1% hypoxia (p\<0.01)**(Fig. [3](#F3){ref-type="fig"}E)**. Taken together, these results suggested that over-expression of CIRBP could alleviate the hypoxia-induced apoptosis in SH-SY5Y cells through regulating in a HIF-1α expression.

MiR-23a could up-regulate CIRBP and down-regulate HIF-1α under 1% hypoxia
-------------------------------------------------------------------------

In order to identify the potential regulating function of hypoxia-related miRNAs in chronic hypobaric hypoxia induced apoptosis, we aimed at miR-1 and miR-23a and measured their expression *in vivo* and *in vitro*. As shown in **Fig. [4](#F4){ref-type="fig"}A/B**, in the 3d hypoxia exposed rats, miR-23a level was significantly higher compared with control, however in 7d/21d hypoxia exposed rats, miR-23a levels were significantly lower than those of control (p\<0.01). Similarly, in the 3d/7d hypoxia exposed rats, miR-1 levels were significantly higher compared with control, but in 21d exposed rats, miR-1 level was significantly lower than those of control (p\<0.01).

We further established miR-23a/miR-1 inhibitor and mimic plasmid **(Fig. [4](#F4){ref-type="fig"}C/D)** and assessed whether down-regulating/up-regulating of miR-23a/miR-1 affected the CIRBP expression under hypoxia. Western blot was performed to compare the expression of CIRBP in SH-SY5Y cells transfected with miR-1 and miR-23a inhibitors and mimics respectively. As for miR-23a, transfected inhibitors significantly decreased the CIRBP expression in SH-SY5Y cells under hypoxia (p\<0.01), while transfected mimics significantly increased CIRBP expression (p\<0.01). Furthermore, we found miR-23a inhibitor increased HIF-1α expression (p\<0.01) while miR-23a mimics decreased HIF-1α expression (p\<0.01). **(Fig. [4](#F4){ref-type="fig"}E)** However, as for miR-1, there were no differences of CIRBP and HIF-1α expression between the cells transfected with inhibitors and those with mimics. These results indicated that miR-23a up-regulated CIRBP and down-regulated HIF-1α under 1% hypoxia. **(Fig. [4](#F4){ref-type="fig"}F)**

MiR-23a was involved in the regulation of hypoxia-induced neuron apoptosis
--------------------------------------------------------------------------

To further confirm the function of miR-23a in hypoxia induced neuron apoptosis, we transfected SH-SY5Y cells with miR-23a inhibitors and mimics, and assessed the apoptosis with flow cytometry. Under 1% hypoxia exposure, transfected miR-23a inhibitors significantly increased the percentages of cells in early apoptosis phase (p\<0.01), while transfected mimics significantly reduced the percentages of cells in early apoptosis phase (p\<0.01).While, under normoxic culture condition, neither of transfected miR-23a inhibitor/mimic could affect the percentage of early apoptosis cells. **(Fig. [5](#F5){ref-type="fig"}A)**

Furthermore, the expression of apoptosis related proteins under 1% hypoxia was also affected by the change of miR-23a level. Transfected miR-23a inhibitors significantly enhanced cleaved caspase-3/caspase-3 and Bax/Bcl-2 ratio (p\<0.01), while transfected mimics significantly reduced the expression of the proteins (p\<0.01). Under normoxic culture condition, the change of miR-23a did not affect the expression of apoptosis related proteins**(Fig. [5](#F5){ref-type="fig"}B).**

However, as for miR-1, there were no differences of cell apoptosis under hypoxia between the cells transfected with inhibitors and those with mimics **(Fig. [5](#F5){ref-type="fig"}C)**. Taken together, these results suggested that miR-23a was involved in the regulation of hypoxia-induced cell apoptosis.

Discussion
==========

The study was to investigate the molecular mechanisms by which CIRBP involved in cell apoptosis during chronic hypobaric hypoxia stress. We found that CIRBP expression was down-regulated in both rat hippocampal neurons and SH-SY5Y cells exposed to hypoxia. In addition, over-expressing CIRBP could efficiently suppress HIF-1α up-regulation and thus inhibit hypoxia induced neuron apoptosis. Furthermore, by screening hypoxia-related miRNAs in hypoxia models, we observed up-regulated miR-23a after hypoxia exposure, which may be a potential target for maintaining the CIRBP expression in chronic hypobaric hypoxia and reducing neuron apoptosis.

Hypobaric hypoxia has a wide spectrum of pathophysiological effects on human body, especially the brain. Previous studies have assessed the dynamic changes in peripheral and cerebral oxygenation engendered by ascent to altitude 4000m and found that peripheral oxygenation decreased in the 2nd day of exposure and then partially rebounded in the 7th day [@B42], [@B45], [@B46]. In this study, we measured HIF-1α, a well-known cellular hypoxia indicator, in order to reveal the oxygenation condition of local cells in rat hippocampus. We found since the 7th day of exposure, HIF-1α expression in hypoxia group had been significantly higher than that of control, suggesting that chronic hypobaric hypoxia exposure could cause consistent low oxygen content within hippocampal neurons. As previously reported, apoptosis can be induced in response to hypoxia and the severity of hypoxia determines whether cells become apoptotic or adapt to hypoxia and survive [@B9]. Previous studies have reported pyramidal neurons damage under chronic hypoxia [@B6], [@B7]. Similarly, in this study, we found higher ratio of neuron apoptosis in the hippocampus CA3 region of hypoxia exposed rats compared with control, indicating chronic hypobaric hypoxia may lead to substantial neural injuries. Besides, elevated HIF-1α and ratio of neuron apoptosis were also confirmed in 1% hypoxia exposed SH-SY5Y cells. Notably, knocking down HIF-1α by transfecting the HIF-1α shRNAs lead to significant lower percentage of Annexin V+/ PI + cells and decreased cleaved caspase-3/caspase-3 and Bax/Bcl-2 ratio in SH-SY5Y cells, suggesting that HIF-1α up-regulation should be pro-apoptotic in chronic hypobaric hypoxia in this study.

CIRBP has been implicated in neural apoptosis induced by various environmental stress, such as hypothermia, oxidative stress, inflammation and DNA damage [@B47]-[@B49]. In moderate low temperature, CIRBP could be induced in both neurons and neural stem cells and exerts neuroprotective effect [@B48]. In inflammation [@B49]-[@B51], overexpressing CIRBP could protect cells from TNF-a-induced apoptosis by activating extracellular signal-regulated kinase (ERK) pathways in CIRBP-deficient mouse fibroblasts. What\'s more, in rat cortical neurons, CIRBP induction could inhibit etoposide-induced apoptosis by regulating levels of p53 and its downstream targets [@B47]. The role of CIRBP under chronic hypobaric hypoxia remains less mentioned. In this study, we found that in the hippocampus of chronic hypobaric hypoxia exposed rats, CIRBP expression increased in the early stage of exposure, and then decreased and kept consistently suppressed after the 7th day. Correspondingly, both the ratio of neuron apoptosis in hippocampus CA3 region and apoptosis related proteins increased since the 7th day of exposure. According to the 1% hypoxia exposed SH-SY5Y cells, CIRBP expression increased in the first 12h of exposure and then decreased and kept consistently suppressed after 24h of hypoxia exposure. Thus, it could be speculated that down-regulation of CIRBP may be involved in chronic hypobaric hypoxia induced neuron apoptosis.

HIF-1α was the most important transcription factor in cellular hypoxia response, whose role in hypoxia induced apoptosis has been widely discussed [@B9], [@B16], [@B17], [@B52]. HIF-1α could initiate hypoxia mediated apoptosis by increasing the expression of Bcl-2 binding proteins thereby inhibiting the anti-apoptotic effect of Bcl-2 [@B11], [@B12], [@B15]. The association between CIRBP and HIF-1α in hypoxia has been discussed, but there is no unified conclusion reached. Elizabeth T. Chang found that CIRBP could bind to HIF-1α and several protein translation factor mRNAs on polysomes and increase de novo protein translation under cellular stress [@B30]. In this study, CIRBP over-expression significantly decreased the level of HIF-1α and the ratio of apoptosis in the 1% hypoxia exposed SH-SY5Y cells, indicating that over-expressing CIRBP could suppress HIF-1α expression and alleviate the hypoxia induced apoptosis. Recently, Weibo Luo *et al.* reported several HIF repressors under chronic hypoxia [@B53]. They found several genes, such as peroxiredoxin 2 (PRDX2) and PRDX4, suppressed the level of HIF-1α mRNA and its transcriptional activity. We speculate that CIRBP may as a HIF-1α repressor in the process of chronic hypobaric hypoxia induced neuron apoptosis.

Interestingly, compared to that under hypoxia, we found transfection of CIRBP robustly increased HIF-1α expression under normoxia. According to previous studies, HIF-1α has been proved to accumulate under normoxia in several previous studies, and this phenomenon is poorly understood [@B54]-[@B58]. Matthias Kappler *et al.* demonstrated that normoxic accumulation of HIF-1α may be associated with increased glycolysis or glutaminolysis [@B56]. Since CIRBP has been proved to be widely involved in cell metabolism, it could be inferred that under normoxia CIRBP transfection may change the cell metabolism and thus lead to HIF-1α accumulation. Besides, HIFs are primarily regulated by the changes in protein stability in an oxygen-dependent manner. Under normoxia, HIF-1α may be immediately proteasomal degraded and thus have little function [@B16]. In our analysis, flow cytometry apoptosis analysis showed that under normoxia there was no difference between the apoptosis ratio of the CIRBP transfected cells and that of control, and so was the levels of the apoptosis related proteins. Herein, although CIRBP transfection robustly increased HIF-1α accumulation under normoxia, it seemed to have no effect on the apoptosis of SH-SY5Y cells. The detailed mechanism by which CIRBP boosted HIF-1α under normoxia may be discussed in the future studies.

MiRNAs function in RNA silencing and post-transcriptional regulation of gene expression [@B59]. Hypoxia-related miRNAs, including miR-23a, miR-1 and miR-303, were measured in both *in vivo* and *in vitro* model. We found miR-23a and miR-1 was induced in both models. Previous studies reported that miR-23a were related to p53 functional status, caspase-3 activity and cell apoptosis [@B60]. In tongue squamous cell carcinoma cells, miR-23a could promote cisplatin chemoresistance and alleviate cisplatin-induced apoptosis [@B61]. However, the roles of miR-23a and its target gene in neurons were not well understood. In *in vivo* model, we found that in the 3^rd^ and 7^th^ day of exposure, miR-23a levels of the hypoxia group were significantly higher than those of control. However, as the exposure prolonged, miR-23a level of hypoxia group reduced and in the 21th day of exposure, it was significantly lower than that of control. Similarly, in *in vitro* model, the miR-23a level showed the same tendency. Interestingly, in both models, the miR23a level had been changing in the same pattern (slightly in advance) with CIRBP. Herein, we guess miR-23a may be involved in CIRBP regulation in the process of hypoxia induced apoptosis. Furthermore, we found that miR-23a inhibitors significantly reduced CIRBP expression and suppressed cell apoptosis, while miR-23a mimics enhanced CIRBP expression and decreased cell apoptosis *in vitro* models, further validating that miR-23a might be a regulator for CIRBP. As for miR-1, previous studies have showed that its expression increased in the first 6 hours of oxygen/glucose deprivation in neuro-2a cells and it could effectively attenuate the expression of heat shock protein HSP-70 mRNA and protein expressions, reduce apoptosis via the intrinsic Bax-mitochondrion-caspase protease pathway [@B36], [@B62]. However, in our analysis, although miR-1 was induced in chronic hypoxia, over-expressing/knocking-down miR-1 did not change the CRIBP expression and apoptosis ratio. It suggested that hypoxia-induced miR-1 might only function in the acute stage instead of chronic stage of hypoxia, and it seemed not involved in the regulating of CRIBP expression.

In summary, this study showed that chronic hypobaric hypoxia exposure caused hypoxia insults in rat hippocampus and lead to neuron apoptosis. In parallel, 1% hypoxia exposure augmented HIF-1α, apoptosis related proteins levels and increased ratio of apoptosis in SH-SY5Y cells. CIRBP, which was induced by hypoxia, were thought to be neuroprotective under chronic hypobaric hypoxia stress. Over-expressing CIRBP could efficiently suppress the HIF-1α expression in cells and thus attenuate hypoxia induced apoptosis. However, CIRBP expression gradually decreased as the exposure prolonged. By screening the hypoxia-related miRNAs, we found that miR-23a was induced by chronic hypobaric hypoxia stress and interestingly its expression changes under exposure shared the similar pattern with CIRBP, indicating that miR-23a might be a potential target for maintaining CIRBP expression in chronic hypobaric hypoxia exposure and reducing neuron apoptosis.
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![**Chronic hypobaric hypoxia exposure led to elevated neuron apoptosis and significant change of CIRBP expression in rat hippocampus.** (A) Western blot analysis of HIF-1α in hippocampus of rats in control groups (normoxia) and hypobaric hypoxia groups continuously for 3d, 7d and 21d respectively. Notice the significant increase of HIF-1α in all hypobaric hypoxia groups compared with control groups. \* (p \< 0.05). (B) In situ TUNEL apoptosis detection (green) of rat brain tissue samples double stained with NeuN (red) to distinguish apoptotic neurons in hippocampus after 3d, 7d and 21d of hypobaric hypoxia exposure. After 7d and 21d of hypobaric hypoxia exposure, more TUNEL/NeuN-positive cells were observed in the hippocampus CA3 region. Scale bar = 200 μm (left) and 100 μm (right). (C) Western blot analysis of caspase-3, cleaved caspase-3, Bcl-2, Bax and β-actin in hippocampus of rats kept in control groups or hypobaric hypoxia groups continuously for 3d, 7d and 21d respectively. Graphs show relative ratio of cleaved caspase-3/caspase-3 and Bax/Bcl-2. Notice the significant increase of cleaved caspase-3/ caspased-3 ratio in all hypobaric hypoxia groups and increase of Bax/Bcl-2 ratio in 7d and 21d hypobaric hypoxia groups compared with the control group, respectively. \* (p \< 0.05), \*\* (p \< 0.01). (D) Immunofluorescence staining of cleaved caspase-3 and caspase-3 (red) doubled stained with NeuN (green) respectively in the hippocampus CA3 after 21d of hypobaric hypoxia exposure. Relative intensities of cleaved caspase-3 were normalized to that of caspase-3 in NeuN-positive cells. Graphs summarizes the quantitative analysis of analysis. Scale bar = 50 μm. Notice the significant increase of cleaved caspase-3/ caspased-3 intensity in hypoxia group compared with the control group. \*\*(p \< 0.01) (E) Western blot analysis of CIRBP in hippocampus of rat kept in control groups or hypobaric hypoxia groups continuously for 3d, 7d and 21d respectively. There was a significant increase in CIRBP in 3d and 7d hypobaric hypoxia groups, and a significant decrease of CIRBP in 21d hypobaric hypoxia group compared with the control group. \*\* (p \< 0.01).](ijbsv13p0518g001){#F1}

![**Chronic hypobaric hypoxia exposure could induce cell apoptosis and significant decreased CIRBP expression in SH-SY5Y cells.** (A) Western blot analysis of HIF-1α in in SH-SY5Y cells cultured under normoxia or 1% hypoxia for 48 hours. Notice the significant increase of HIF-1α in the hypoxia group compared with control group. \*\* (p \< 0.01). (B) Photomicrographs of SH-SY5Y cells cultured under normoxia or hypoxia for 48 hours. There was a decrease of cell density under light microscope in the hypoxia group compared with the control group. (C) TUNEL apoptosis detection of SH-SY5Y cells cultured under normoxia or 1% hypoxia for 48 hours. Increased TUNEL-positive cells were observed in hypoxia group compared with the control group. Bars = 100 μm. (D) Flow cytometry shows apoptosis of SH-SY5Y cells by Annexin V and PI staining in control or hypoxia group for 48 hours. 1\*10^6^cell were counted for each group. B1 necrotic cells; B2 late apoptotic cells; B3 viable cells; B4 early apoptosis. Bar graphs demonstrating higher ratio of apoptotic cells in hypoxia group compared with control. \*\* (p \< 0.01). (E) Western blot analysis of caspase-3, cleaved caspase-3, Bcl-2, Bax and β-actin in SH-SY5Y cells cultured under normoxia or 1% hypoxia for 48 hours. Graphs show relative ratio of cleaved caspase-3/caspase-3 and Bax/Bcl-2. Notice the significant increase of cleaved caspase-3/caspase-3 and Bax/Bcl-2 ratio in the hypoxia group compared with the control group, respectively. \*\* (p \< 0.01). (F) Flow cytometry shows apoptosis of SH-SY5Y cells transfected with HIF-1α shRNAs and vehicle control exposed in 1% oxygen concentration for 48h. Bar graphs demonstrating lower ratio of apoptotic cells transfected with HIF-1α shRNAs compared with cells transfected with vehicle control. \*\* (p \< 0.01). (G) Western blot analysis of HIF-1α, caspase-3, cleaved caspase-3, Bcl-2, Bax and β-actin in SH-SY5Y cells transfected with HIF-1α shRNAs and vehicle control exposed in 1% oxygen concentration for 48h. Graphs show relative ratio of cleaved caspase-3/caspase-3 and Bax/Bcl-2. Notice the decrease of cleaved caspase-3/caspase-3 and Bax/Bcl-2 ratio in HIF-1α shRNAs transfected cells compared with vehicle transfected cells respectively. \*\* (p \< 0.01). (H) Western blot analysis of CIRBP expression in SH-SY5Y cells cultured under normoxia or hypoxia for 48 hours. There was significant decrease of CIRBP expression in the hypoxia group compared with the normoxia group. \*\* (p \< 0.01).](ijbsv13p0518g002){#F2}

![**CIRBP over-expression suppressed HIF-1α up-regulation in hypoxia and inhibited hypoxia-induced neuron apoptosis.** Western blot analysis of CIRBP expression levels (A) and HIF-1α (B) in SH-SY5Y cells transfected with mock vector (pEGFP-N2) or pEGFP-N2-CIRBP (pEGFP-N2-C) cultured in normoxia or 1% hypoxia for 48 h. \*\* depicts the significant increase of CIRBP and decrease of HIF-1α transfected with pEGFP-N2-C in hypoxia group compared with control group. (C) Flow cytometry shows apoptosis of SH-SY5Y cells transfected with mock vector (pEGFP-N2) or pEGFP-N2-CIRBP (pEGFP-N2-C) cells by Annexin V and PI staining in control or hypoxia group for 48 hours. Bar graphs demonstrating extent of apoptotic cells, \*\* depicts the significant decrease of ratio of apoptotic cells in cells transfected with pEGFP-N2-CIRBP in hypoxia group compared with cells in control group. (D) TUNEL apoptosis detection of SH-SY5Y neuron-like cells transfected with pEGFP-N2 or pEGFP-N2-CIRBP cultured under normoxia or hypoxia for 48 hours. Decrease TUNEL-positive cells were observed in cells transfected with pEGFP-N2-CIRBP in hypoxia group compared with control groups. Bars = 100 μm. (E) Western blot analysis of caspase-3, cleaved caspase-3, Bcl-2, Bax and β-actin in SH-SY5Y neuron-like cells transfected with pEGFP-N2 or pEGFP-N2-CIRBP in control group or hypoxia. Graphs show relative ratio of cleaved caspase-3/caspase-3 and Bax/Bcl-2. Notice the significant decrease in cleaved caspase-3 and Bax/Bcl-2 ratio in cells transfected with pEGFP-N2-CIRBP in the hypoxia groups compared with the control group, respectively. \*\* (p \< 0.01).](ijbsv13p0518g003){#F3}

![**MiR-23a could up-regulate CIRBP and down-regulate HIF-1α under 1% hypoxia.**Real time RT-PCR of miR-23a (A) and miR-1 (B) in hippocampus of rat kept in control groups or hypobaric hypoxia groups continuously for 3d, 7d and 21d respectively. There was significant increase in miR-23a in the 3d hypobaric hypoxia group, and a significant decrease in miR-23a in the 7d and 21d hypoxia exposure groups compared with the control group. \*\* (p \< 0.01). For miR-1, there was a significant increase in the 3d and 7d hypoxia groups and a significant decrease in the 21d hypoxia group compared with the control group. RT-PCR of miR-23a expression(C) or miR-1 expression (D) in SH-SY5Y cells transfected with inhibitors and mimics cultured in normoxia and 1% hypoxia, respectively. Western blot analysis of CIRBP expression and HIF-1α in SH-SY5Y cells transfected with miR-23a inhibitors and mimics (E) or cells transfected with miR-1 inhibitors and mimics (F). \*\* (p \< 0.01).](ijbsv13p0518g004){#F4}

![**MiR-23a was involved in the regulation of hypoxia-induced neuron apoptosis.** Flow cytometry shows apoptosis of SH-SY5Y cells transfected with miR-23a (A) inhibitors and mimics by Annexin V and PI staining in control or hypoxia group for 48 hours. Bar graphs demonstrating extent of apoptotic cells, notice the significant change of ration of apoptotic cells in cells transfected with miR-23a inhibitors or mimics in hypoxia group compared with cells in control group. \*\* (p\<0.01). (B) Western blot analysis of caspase-3, cleaved caspase-3, Bcl-2, Bax and β-actin in SH-SY5Y neuron-like cells transfected with miR-23a inhibitors and mimics cultured in normoxia or hypoxia for 48 hours. Graphs show relative ratio of cleaved caspase-3/caspase-3 and Bax/Bcl-2. \*\* (p\<0.01). (C) Flow cytometry shows apoptosis of SH-SY5Y cells transfected with miR-1 inhibitors and mimics by Annexin V and PI staining in control or hypoxia group for 48 hours. Bar graphs demonstrating extent of apoptotic cells. There was no difference of apoptosis ratio in hypoxic exposed between the cells transfected with miR-1 inhibitors/mimics and those transfected with negative control.](ijbsv13p0518g005){#F5}
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